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Endometriosis is a prevalent gynecologic condition associated with pelvic pain and
infertility characterized by the implantation and growth of endometrial tissue displaced
into the pelvis via retrograde menstruation. The mouse is a molecularly well-annotated
and cost-efficient species for modeling human disease in the therapeutic discovery
pipeline. However, as a non-menstrual species with a closed tubo-ovarian junction,
the mouse poses inherent challenges as a preclinical model for endometriosis
research. Over the past three decades, numerous murine models of endometriosis
have been described with varying degrees of fidelity in recapitulating the essential
pathophysiologic features of the human disease. We conducted a search of the
peer-reviewed literature to identify publications describing preclinical research using
a murine model of endometriosis. Each model was reviewed according to a panel
of ideal model parameters founded on the current understanding of endometriosis
pathophysiology. Evaluated parameters included method of transplantation, cycle phase
and type of tissue transplanted, recipient immune/ovarian status, iterative schedule
of transplantation, and option for longitudinal lesion assessment. Though challenges
remain, more recent models have incorporated innovative technical approaches such as
in vivo fluorescence imaging and novel hormonal preparations to overcome the unique
challenges posed by murine anatomy and physiology. These models offer significant
advantages in lesion development and readout toward a high-fidelity mouse model for
translational research in endometriosis.

Keywords: endometriosis, mouse model, murine model, preclincal, lesions

INTRODUCTION

Endometriosis is an estrogen growth-dependent, chronic inflammatory condition characterized
by the implantation and growth of endometrial tissue outside the uterine cavity, most commonly
on or within the pelvic peritoneum, ovary, and bowel (Burney and Giudice, 2012). A debilitating
disease, endometriosis is strongly associated with pain and infertility, affecting 6–10% of adolescent
girls and reproductive age women (Eskenazi and Warner, 1997) with potentially higher incidence
from women going undiagnosed (Buck Louis et al., 2011). Persistent symptoms can significantly
affect quality of life, with over half of affected women reporting a negative impact of the condition
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on their education, career, and relationships (De Graaff et al.,
2013). The limited therapeutic options and frequent recurrence
of disease symptoms present additional challenges. Patients with
endometriosis evidence a higher utilization of outpatient and
emergency room services, with the greatest economic burden
occurring in the first year after diagnosis. The significant personal
and societal impact of endometriosis highlight the importance
of research efforts toward optimizing the approach to this
complex disease (Giudice and Kao, 2004; Rogers et al., 2009;
Simoens et al., 2012).

Although first described over 300 years ago, endometriosis
remains a disease with significant knowledge gaps in both
diagnosis and treatment (Nezhat et al., 2012). The persistence
of these gaps is in part a reflection of a currently incomplete
understanding of disease pathogenesis. The retrograde transit
of viable endometrial tissue via open fallopian tube(s) into
the peritoneal cavity during menstruation (Sampson, 1927)
represents an evidence-based (Blumenkrantz et al., 1981;
Halme et al., 1984) and widely accepted explanation for
endometrial displacement. The discrepancy between the nearly
universal prevalence of retrograde menstruation and the nearly
10% prevalence of endometriosis highlights the fundamental
importance of endometrial implantation and growth in disease
pathogenesis. Conceptually, several key steps including escape
from immune clearance, attachment to peritoneal epithelium,
invasion of the epithelium, establishment of neurovascularity and
continued growth and survival are necessary for endometriosis to
develop from retrogradely displaced endometrium (Lebovic et al.,
2001; Burney and Giudice, 2012).

The absence of a non-surgical biomarker for the diagnosis
and surveillance of endometriosis render longitudinal studies of
women for the study of temporal relationships underpinning
disease pathogenesis an unethical and impractical approach.
Animal models of human disease are a potentially powerful
resource for the study of pathogenesis, biomarker development
and therapeutic discovery, particularly for complex progressive
conditions such as endometriosis. The ultimate goal of any
animal model is fidelity in the recapitulation of the human
disease, and therefore the ideal species for endometriosis research
is one that spontaneously develops the disease.

The female reproductive tract of non-human primates such
as the baboon and rhesus macaque closely approximates
that of humans in both form and function. Indeed, both
species are reported to menstruate and spontaneously develop
endometriosis (MacKenzie and Casey, 1975; D’Hooghe et al.,
1996). To facilitate study, experimental induction of retrograde
menstruation via surgical occlusion of the cervix resulted in
the development of peritoneal endometriosis (D’Hooghe et al.,
1994). Though ideal in terms of fidelity, the use of non-
human primate species in endometriosis research is limited
by the high cost of animal curation, length of time to
develop endometriotic lesions, percentage of animals developing
endometriosis, extended duration of gestation for fertility studies,
and ethical considerations (D’Hooghe et al., 1994, 1996, 1997;
D’Hooghe, 1997).

The mouse is widely embraced for preclinical model
development in biomedical research due to several advantages.

First, the smaller size, shorter estrous cycle and gestation
and molecularly homogeneous background permit the study
of larger groups of animals, thereby facilitating attainment of
biological and statistical power in experimental research. Second,
the mouse is a molecularly well-annotated species, allowing
the researcher to leverage a large number of interrogative
tools toward investigating complex multifactorial disease states.
Finally, the ease of genetic manipulation and targeted alteration
of candidate genes make the mouse particularly well suited for
dissecting the molecular underpinnings of disease pathogenesis.
Yet, the mouse, like other members of the rodent family,
is generally not known to menstruate and does not develop
endometriosis spontaneously. Consequently, previous studies
modeling endometriosis using mice required induction of
menstruation and transplantation of endometrium for the
induction of endometriotic lesions. Interestingly, menstruation
and spontaneous decidualization were reported in the spiny
mouse (Acomys cahirinus), and its use was proposed as a more
appropriate laboratory species for the modeling of menstrual
disorders (Bellofiore et al., 2017); however, these mice also have a
closed reproductive system and are quite fragile with challenging
dietary preferences.

Since the first report of a mouse model of endometriosis in
1995, a large number of models have been described for disease
induction (Cummings and Metcalf, 1995). A “best fit” murine
model closely approximates key features of endometriosis,
replicates molecular hallmarks, and minimizes interventions
that may confound fidelity. Since the immune response and
hormonal regulation play key roles in the pathogenesis of
endometriosis, and the human reproductive organs (open
reproductive system) are anatomically different than lower
animals (closed reproductive system), several challenges exist
to design a “best-fit” murine model to study the mechanisms
related to initiation, development, and long-term response of
endometriosis. Ideally, the model is genetically manipulable,
immunocompetent, and hormonally intact. This review identifies
key parameters for a “best-fit” model, summarizes published
mouse models in the context of these parameters, and highlights
the major challenges to generating a “best-fit” murine model for
future preclinical studies.

PARAMETERS FOR A “BEST-FIT”
MURINE MODEL OF ENDOMETRIOSIS

Spontaneous Endometrial Attachment
and Growth in Lesion Development
Initially proposed by Sampson in the 1920’s, the retrograde
menstruation theory of endometriosis is a widely accepted
mechanism supported by multiple lines of epidemiologic,
clinical, and experimental evidence (Sampson, 1927). A “best
fit” model approximates this mechanism by introducing fresh,
unbound endometrial fragments into the peritoneal cavity,
thereby replicating the spontaneous implantation of displaced
endometrium to ectopic sites. Thorough consideration of factors
that influence lesion growth and development, such as hormones
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and genetic variance, is also fundamental to the selection of
an ideal murine model. Dodds et al. (2017) used naturally
cycling mice to investigate lesion development in two different
strains, C57BL/6 and BALB/c. Spontaneous lesion development,
when harvested 3 weeks post disease initiation, occurred at a
significantly higher rate when induction occurs during proestrus
than estrus, irrespective of strain (Dodds et al., 2017). C57/BL6
mice were more likely to develop dense-type lesions; BALB/c
mice developed a more cystic lesion phenotype. This study
suggests the cycle phase and strain-associated hormones and
genetics can influence lesion pathogenesis. In contrast, Burns
et al. (2012, 2018) demonstrated disease initiation (<72 h)
in C57BL/6 mice is dependent on the immune system and
independent of estrogen and ESR1; whereas, lesion growth
is estrogen and ESR1 dependent (>72 h). These findings
correspond to hormonal cycles in women – during menstruation,
sex-steroid hormones are low and the immune system more
active. Lesions are thought to grow when estrogen levels rise
during the proliferative phase of the menstrual cycle (>5 days).

Menstrual Phase Endometrium at
Implantation
The transplantation of endometrium stripped of other uterine
tissue, such as myometrium, is most consistent with the human
disease process. Menstruation is an inflammatory process,
characterized by an increase in a variety of tissue-resident and
recruited immune cells with as high as 40% of menstrual fluid
composed of neutrophils, macrophages, and uterine natural killer
(uNK) cells (Salamonsen and Woolley, 1999; Salamonsen and
Lathbury, 2000; Battersby et al., 2004; Maybin et al., 2011).
Menstrual phase endometrium incorporates resident immune
cells and inflammatory mediators typically found in human
menstrual endometrium. Because mice do not spontaneously
menstruate, donor females must be hormonally treated to
induce menstrual endometrium for transplantation. Greaves
et al. (2014) describe a model system using solely menstrual
endometrium from a murine model of menstruation as the
source of syngeneic mouse endometrial tissue. The importance
of menstrual endometrium is further highlighted by studies
performed in baboons (D’Hooghe et al., 1995). Endometriosis
was more efficiently induced with menstrual versus luteal
phase endometrium, as evidenced by the higher number
and larger surface area of endometriotic lesions. Therefore,
this parameter of a “best fit” model not only approximates
human disease pathogenesis, but also enhances the efficacy of
lesion development.

Immunocompetence
Endometriosis is a chronic inflammatory disease, characterized
by immune dysfunction and a marked increase in levels of pro-
inflammatory cytokines in the peritoneal fluid (Halis and Arici,
2004). Though a complete discussion of endometriosis-associated
inflammation and immune dysfunction is beyond the scope of
this review, a role for inflammation as a hallmark feature of this
disease is well established (Lebovic et al., 2001). Tumor necrosis
factor alpha (TNFα) was observed to influence the establishment

and progression of disease, whereas antagonists of TNFα were
capable of inhibiting growth of established lesions in a mouse
model (Altan et al., 2010). Likewise, in a preventive design, IL-
12 (anti-inflammatory cytokine) administered to mice challenged
with intraperitoneal endometrial material significantly reduced
lesion development (Somigliana et al., 1999). Models using mice
with an intact immune system are vital to understanding the
role of immunologic and inflammatory pathways in pathogenesis
studies as well as biomarker and therapeutic discovery. Important
to note, several of the most used inbred strains are highly
divergent in their immune response patterns due to mutations
and polymorphisms. These inherent differences need to be
considered when evaluating the immunologic and inflammatory
pathways in generated disease. For example, FVB/NJ strains
have germline deletions in the Tcrb-V8 gene, causing defects
in natural killer T cell function, and potentially affecting their
ability to produce TNFα. C57BL/6 mice are shown to have a
TH1-type bias to pathogens, whereas BALB/c, A/J, and DBA/2
mice, tend toward a TH2-predominant response. Historically,
inbred mouse strains are utilized as they provide genetic
consistency and experimental reproducibility. However, recent
studies suggest that inbred mice vary substantially from their
outbred counterparts in their immune response to disease,
suggesting inbred mice may not serve as an accurate model
for the human condition. Thus, the of outbred mice in these
models may more accurately reflect the role of immunologic
and inflammatory pathways in the pathogenesis and progression
of endometriosis.

Intact Ovaries
Estrogen dependence on disease growth is an established
pathophysiologic hallmark of endometriosis. In women, estradiol
(E2) produced by the ovaries is the primary source of lesion
support, and oophorectomy can be an effective therapeutic
intervention to suppress symptoms. For an accurate model of
the human condition, an intact hypothalamic-pituitary-ovarian
axis in recipient females is preferable. Leaving the ovaries
intact preserves physiologic estrogen production and allows for
the evaluation of potential drug effects on normal hormonal
cycling. Most importantly, maintaining the recipient ovarian
microenvironment allows for the evaluation of endometriosis-
associated infertility. Cohen et al. (2014) described the effect
of induced endometriosis on oocyte and embryo quality in
a murine model. Their data demonstrated that while the
number of ovulated oocytes was not diminished, peritoneal
endometriosis decreased oocyte quality and the number of
embryos (fertilized oocytes) in mice with endometriosis. Further
study of endometriosis in preclinical models with intact ovaries
may help to delineate the pathophysiologic underpinnings of
endometriosis-associated infertility (Meuleman et al., 2009).

Longitudinal Assessment of
Endometriotic Lesions
The natural progression and life cycle of endometriotic lesions
represents a significant knowledge gap in the clinical approach to
the disease. Clinically, the inability to reliably image peritoneal
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disease and the infeasibility of serial laparoscopies render this
gap best approached using an animal model that facilitates the
longitudinal in vivo assessment of disease burden. The use of
luminescence represents an innovative approach that greatly
enhances the longitudinal reach of preclinical endometriosis
models (Defrere et al., 2009). Luminescence has allowed
the resolution of endometriotic lesions that are difficult to
detect macroscopically, and has the potential to afford a non-
invasive evaluation of disease. Incorporation of luminescence
is not only useful for diagnosis, but also for identification,
visualization, and quantification of lesion burden. Hirata et al.
(2005) originally created a green fluorescent protein (GFP)
mouse model of endometriosis in 2005 to more easily locate
lesions in the peritoneal cavity. Wieser et al. (2012) then
used GFP transgenic donor mice to increase sensitivity in the
identification of endometriotic lesions and to more accurately
quantify lesion size and growth rates in response to an all-
trans-retinoic acid treatment. Endometriotic tissue originating
from donor endometrium can be clearly delineated from
surrounding recipient tissues with the use of luminescence
and/or immunohistochemistry. Wilkosz et al. (2011) successfully
monitored cellular exchange between host peritoneum and
endometrial tissue with the use of allogeneic transplants from
transgenic GFP positive donor mice to wild-type recipients.
Use of GFP-expressing tissue provided strong evidence for both
ingrowth and outgrowth of blood vessels during the development
of an endometriotic lesion.

Newer transgenic strains are commercially available that
constitutively express fluorophores at emission spectra outside
the autofluorescent range, thereby optimizing the signal to noise
ratio at detection. The use of donor endometrium expressing
red fluorescent protein (RFP) in disease induction facilitated
non-invasive monitoring of lesion growth and regression for
up to 33 days post transplantation in wild-type recipient mice
(Wang et al., 2014). Ferrero et al. (2017) developed a homologous
murine model utilizing the fluorescent reporter mCherry, which
resulted in deeper penetration and a more robust signal-to-noise
ratio to longitudinally monitor lesions in vivo. In addition to
luminescence, other methods of non-invasive in vivo analysis are
described for visualization of the development of endometriotic
lesions in mice. Körbel et al. (2010) successfully utilized high-
resolution ultrasound imaging for repeat in vivo analysis of
lesion development in their murine model. Ultrasound afforded
quantitative determination of overall lesion volume and stromal
tissue and cyst content. Magnetic resonance imaging (MRI) for
in vivo volumetric measurement of endometrial implants has also
been attempted (Silveira et al., 2013). The use of luminescence
and high-resolution imaging modalities have made non-invasive
longitudinal assessment possible in murine models of disease.

Iterative Endometrial Transplantation
In a study of laparoscopies timed to menstruation, Halme et al.
(1984) revealed retrograde menstruation to be a nearly universal
phenomenon in women with patent oviducts (Halme et al.,
1984). Endometriosis is a dynamic disease characterized by
the establishment of new lesions each cycle and the continued
progression of established lesions. The repetitive introduction of

endometrium into the peritoneal cavity is therefore an important
model parameter toward recapitulating the human condition.

EVALUATION OF PUBLISHED MOUSE
MODELS IN THE CONTEXT OF
“BEST-FIT” MURINE MODEL
PARAMETERS

Methods of Induction
Chief among the limitations in establishing a murine system to
model endometriosis are the fundamental differences between
mouse and human reproductive physiology and anatomy. In
particular, the murine tubo-ovarian junction is contained within
a bursa that precludes retrograde flow from the uterus into
the peritoneum. Consequently, the disease must be induced in
mice. This step was accomplished by surgically grafting fragments
throughout the peritoneal cavity or by injecting endometrium
into the peritoneal cavity.

Surgical Engraftment
The first reported murine model of endometriosis induced
lesions by surgical engraftment. This model involves the
placement, by suture or adhesion, of uterine tissue into the
peritoneal cavity of the same or a recipient mouse (Table 1).
The advantages of this model allow for ease of lesion location
and uniform development of lesions from the same starting size.
However, from engraftment locations to the amount (i.e., size and
number) of uterine material given, methods of engraftment vary
between studies.

Models for endometriosis lesion development are typically
autologous, syngeneic, or heterologous. In heterologous
engraftment models, human samples are either implanted,
sewn into the peritoneal cavity or intestine, or adhered to the
peritoneal wall of immune incompetent murine recipients
(e.g., the Soft Swiss Nude Mouse (Martinez et al., 2019) or
the NU/NU Nude Mouse [Crl:NU-Foxn1nu]) (Tejada et al.,
2021). Autologous and syngeneic models utilize murine tissue
donors. Tissue samples have been sutured with 4-0 nylon suture
(Cummings and Metcalf, 1995), 7-0 polypropylene suture
(Cohen et al., 2014), silk suture (Fainaru et al., 2008), braided silk
suture (Efstathiou et al., 2005; Becker et al., 2008), or stuck to the
wall with adhesive such as bonding agent 3M vetbond (Symons
et al., 2020). Uterine tissue engrafted varied from one large
(5 mm) piece (Peyneau et al., 2019) to up to six (2 mm) tissue
punches (Kumar et al., 2014). Tissue was sutured or adhered
to the peritoneum (Wilkosz et al., 2011; Mattos et al., 2019;
Tal et al., 2019; Chang et al., 2020; Hattori et al., 2020; Li et al.,
2020; Symons et al., 2020; Yoshino et al., 2020; Chen et al., 2021;
Santorelli et al., 2021), intestinal mesentery (Mishra et al., 2020),
abdominal wall (Peyneau et al., 2019), bowel mesentery (Ricci
et al., 2011), and ovaries (Hayashi et al., 2020). Lesions sutured or
adhered in the peritoneal cavity display characteristics similar to
human lesions. Lesions tend to be cyst-like and fluid filled (Zhao
et al., 2014; Cohen et al., 2015), with some adhesions (Kumar
et al., 2014), and characterized by the presence of glands and
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TABLE 1 | Murine models of endometriosis: surgical engraftment method.

Strain Induction
age

D:R Induction
tissue

Donor
primed

Rec.
ovex’ed

E2 Tissue
amount given

Stripped
EM

References

D: ubiquitin-GFP
R: C57BL/6

6 wk 1:2 UHs N, in diestrus N N 3 mm fragments N Chen et al., 2021

C57BL/6J 12–18 wk 1:1 Minced UH N N N Three 2 mm2 pieces N Santorelli et al., 2021

C57BL/6 4 wk NM UHs NM N Y Four 2 mm punches N Sharma et al., 2021

NU/NU Nude mouse
(Crl:NU-Foxn1nu)

5 wk NA HS NA Y Y Two to three 3–5 mm2 strips NA Tejada et al., 2021

C57BL/6N 8–10 wk 1:1 UHs NM NM NM Two 3 mm2 punches N Symons et al., 2020

C57BL/6N 3 mo NM UH N, in diestrus N N 0.8–1 mm pieces N Mishra et al., 2020

C57BL/6 8–10 wk Auto UH E2 capsule N N One UH N Li et al., 2020

BALB/c 6 wk 1:1 UH NM Y Y Two 2 mm pieces N Chang et al., 2020

C57BL/6 WT Flt1 TK−/− 8 wk 1:1 UHs NM Y Y Two 3 mm punches N Hattori et al., 2020

C57BL/6 8 wk 1:1 UH pellet NM N N One uterus N Hayashi et al., 2020

C57BL/6J, AI6(RCL-ZsGreen) 7–8 wk NM UH N, in diestrus N N Four 3 mm3 pieces N Tal et al., 2019

C57BL/6, CBA/J, BALB/c 6 wk 1:2 UH NM N Y One 5 mm piece N Peyneau et al., 2019

WT, Gal-3-deficient 8 wk NM UH NM N N One UH N Mattos et al., 2019

Soft Swiss Nude Mice 6–8 wk NA HS NA Y Y One implant NA Martinez et al., 2019

C57BL/6 10 wk Auto UH NA N Y 3 mm fragment N Chadchan et al., 2019

D: GFP + TK–/–TG
R: Flt TK–/–

8 wk NM UHs E2 Y Y Four 3 mm punches N Sekiguchi et al., 2019

B6CBA/F1 D: 9 wk,
R: 5 wk

1:1 UH NM N N Two 2 mm pieces N Cohen et al., 2015

Cccn-1 null mice NM NM UHs N, in diestrus Y Y Two 3 mm punches N Zhao et al., 2014

CD-1 8 wk NM UHs NM N N Two UH N Naqvi et al., 2014

D: GFP
R: WT

8 wk 1:1 Minced UH N, in estrus N N 3 mm2 pieces N Machado et al., 2014

Outbred ICR 6 wk Auto UHs E2 Y Y NM N Liao et al., 2014

C57BL/6J 8 wk 1:2 UHs N, cages synchronized N N Six 2 mm punches N Kumar et al., 2014

C57BL/6 D: 9 wk,
R: 5 wk

1:1 UHs NM N N Two 2 mm punches N Cohen et al., 2014

B6C3F1-auto
R: CD-1

5–6 wk Auto UH/HS NA CD1’s Y Five 1-2 mm pieces N Silveira et al., 2013

C57BL/6 eGFP 10–12 wk NM UHs NM Y/N Y Two 2 mm pieces N Wilkosz et al., 2011

BALB/c 2 mo Auto UHs NA N N Three 4 mm2 pieces N Ricci et al., 2011

CD-1 8 wk 1:2 UHs NM N N Two pieces N Kulak et al., 2011

129 × 1/SvJ 129S6/SvEvTec
C57BL/6 GFP

8 wk NM UHs N N N Four/Six 2 mm punches N Becker et al., 2011

C57BL/6 8–9 wk auto UH N N Y Four pieces N Lu et al., 2010

ddY 8–11 wk auto UH NA N N Two 3 mm3 pieces N Kusakabe et al., 2010

C57BL/6 12–16 wk 1:1/auto UH N, in estrus N N Two 2-3 mm2 punches N Körbel et al., 2010

BALB/c 2 mo NM UH NM N N Three 4 mm2 pieces N Bilotas et al., 2010

ICR 8 wk 1:1 UH NM NM NM Two 5 mm2 pieces N Umezawa et al., 2009

CD-1 8 wk 1:2 UH NM N N Two pieces N Lee et al., 2009

C57BL/6 6–8 wk Auto UHs N N N Four 2 mm punches N Fainaru et al., 2008

C57BL/6 8–9 wk 1:2 UH E2 N N Three pieces N Matsuzaki et al., 2008

D: GFP
R: C57BL/6

8 wk 1:1/auto UHs NM Y Y Seven 2 mm punches N Becker et al., 2008

C57BL/6 8 wk Auto UH N, in estrus N Y Seven 2 mm punches N Efstathiou et al., 2005

B6C3F1 mice 60 d Auto UH NA Y Y Three 2.5–3 mm pieces N Cummings and Metcalf,
1995

Ovex, ovariectomy; EM, endometrium; E2, estrogen; D, donor; R, recipient; auto, autotransplantation of self-tissue; UH, uterine horn; UHs, two uterine horns; DT,
decidualized tissue; HS, human sample; N, no; Y, yes; NM, not mentioned; NA, not applicable; h, hours; d, day; wk, week; mo, month; BNF, beta-naphthoflavone.

stroma throughout (Mattos et al., 2019). Lesions varied in color
from white, yellow, red, to chocolate brown (Yoshino et al., 2006;
Fainaru et al., 2008).

In the engraftment-based model, lesions are easy to locate
and lesion number does not vary among animals. Sanchez et al.
proposed this model may best mimic mature endometriosis

Frontiers in Physiology | www.frontiersin.org 5 January 2022 | Volume 12 | Article 806574

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-806574 January 8, 2022 Time: 15:38 # 6

Burns et al. Mouse Models of Endometriosis

(Sanchez et al., 2017). However, in other contexts, this model
has several recognized limitations. First, surgically implanted
lesions bypass the attachment phase of the disease, limiting
the utility of this type of model in the study of early disease
pathogenesis and prevention. Specifically, this approach does
not account for the interaction between the peritoneum and
ectopic endometrial cells in the early development and growth
of endometriosis, and this model does not allow for the
study of spontaneous lesion attachment and varying location
development. Second, surgically engrafted uterine biopsies often
include non-endometrial tissues such as myometrium and serosa,
which is inconsistent with the histology of retrograde menstruum
in the human condition. None of the engraftment studies
reviewed here removed the myometrium from the uterine tissue
samples before implantation, although several suture the uterine
tissue to the peritoneal wall with the endometrial side facing
the peritoneal cavity (Santorelli et al., 2021) or intestinal serosa
(Ricci et al., 2011). Finally, suture material and/or technique and
healing process associated with surgical engraftment may alter
the typical sequence of lesion development and may confound
model readout, particularly angiogenesis, which suture material
is known to alter (Wilkosz et al., 2011; Wang et al., 2013).

Intraperitoneal Injection
In contrast to surgical engraftment, injection-based models
generate endometriotic lesions by intraperitoneal challenge
with endometrial tissue from a syngeneic donor (Table 2).
First described by Somigliana et al. (1999), recipient mice
develop lesions on the peritoneum, perivesical adipose tissue,
the intestinal surface, and/or the uterine surface. This model
allows for the study of the initial stages of the disease
which include angiogenesis, defective apoptosis, endometrial
proliferation, and inflammation (Sanchez et al., 2017). The most
frequently reported location of lesions in this model is the ventral
abdominal wall. Importantly, the less invasive nature of injection
relative to surgical engraftment facilitates iterative seeding of
endometrial fragments as a recapitulation of monthly retrograde
menstruation in the human condition. Since lesions are not
sutured, endometrial-mesothelial interactions and angiogenesis
may be studied more reliably than with the engraftment model.

For intraperitoneal injection models using decidualized
endometrium, decidualization is often induced by injecting oil
(Greaves et al., 2014; Forster et al., 2019; Horne et al., 2019;
Kim et al., 2020) into, or by scratching (Ferrero et al., 2017), the
uterine horn and harvesting the decidualized tissue with forceps.
A variety of hormonal paradigms in ovariectomized or intact
female mice are described to induce endometrial decidualization
prior to harvest (Greaves et al., 2014; Ferrero et al., 2017; Forster
et al., 2019; Horne et al., 2019; Kim et al., 2020). The uterine
horn is opened longitudinally and the decidualized endometrium
is dissected or scraped from the underlying myometrium (Kim
et al., 2020). Additionally, decidualization can be induced by
scratching the antimesometrial lumen with a 27-G needle inside
the uterine horn (Ferrero et al., 2017). Models that utilize minced
uterine tissue taken from full-thickness uterine horns of a donor
mouse, strip away the fat and muscle, and may or may not
strip off the myometrium before injecting the minced tissue into

the peritoneal cavity (Sanchez et al., 2017). Harvested tissue is
suspended in 200 – 500 µl of solution before injection into the
peritoneal cavity. Solutions vary between studies, and include
saline (Pittaluga et al., 2010; Uegaki et al., 2015; Ruiz et al., 2016;
Dodds et al., 2017; Sanchez et al., 2017; Yan et al., 2019; Kim
et al., 2020), Hank’s Balanced Salt Solution (HBSS) (Fattori et al.,
2020), phosphate-buffered saline (PBS) (Bacci et al., 2009; Chen
et al., 2009; Altan et al., 2010; Jensen et al., 2010; Wieser et al.,
2012; Tomio et al., 2013; Greaves et al., 2014; Heard et al., 2016;
Yuan et al., 2018; Horne et al., 2019; Woo et al., 2020), and
warmed Dulbecco’s Modified Eagle Medium (DMEM) (Nowak
et al., 2008). The solutions chosen mimic the salinity and pH of
the peritoneal cavity and maintain viability of the uterine tissue.

Though intraperitoneal injection of endometrium more
closely approximates the pathophysiology of retrograde
menstruation than surgical implantation methods, there is more
variability in the number, distribution, and phenotype of lesions
associated with the injection method. Lesions in this model are
often located in the fatty tissue around the bladder (Yuan et al.,
2018), the parietal peritoneum, and the visceral peritoneum
of the uterus and intestines (Greaves et al., 2014). On average,
this model produces 2–3 true lesions that contain epithelial
lined glands with organized stroma, immune infiltration of
hemosiderin laden macrophages, and fibrotic areas (Hsu et al.,
2010). Cystic lesions are fluid-filled nodules ranging in color from
white to pink to tan featuring endometrial glands and stroma.
Cystic lesions are vascularized and infiltrated with inflammatory
cells (Somigliana et al., 1999; Hirata et al., 2005; Uegaki et al.,
2015; Dodds et al., 2017). Dense lesions were black/brown and
dark red in color, filled with hemosiderin macrophages and other
immune cells, and encapsulated by connective tissue. The lesions
are of variable size and weight which may be due to the variable
amount of tissue and fragment sizes injected among different
groups. A key variable among groups was the needle size used for
injection; needle sizes varied by group, ranging from 18-gauge
needles up to 27-gauge needles [e.g., 18-gauge needle (Hirata
et al., 2005; Yoshino et al., 2006; Chen et al., 2009; Altan et al.,
2010; Jensen et al., 2010; Wieser et al., 2012; Tomio et al., 2013;
Fattori et al., 2020; Ono et al., 2021), 19-gauge needle (Greaves
et al., 2014), 20-gauge needle (Nowak et al., 2008), 21-gauge
needle (Dodds et al., 2017), 25-gauge needle (Yuan et al., 2018),
and 27-gauge needle (Heard et al., 2016)]. Optimization of
injection methods to achieve greater reproducibility in terms
of number and distribution of lesions is needed. Due to the
difficulty in reliably locating lesions, particularly for longitudinal
analyses, a variety of luminescence strategies (e.g., GFP uterine
tissue) have evolved.

Dorning et al. (2021) compared four variants of the
intraperitoneal injection method: decidualized tissue into
an ovariectomized, but E2 supplemented, recipient (DO),
decidualized tissue into a hormonally intact recipient (DI),
minced naïve endometrium from cycling mice into hormonally
intact recipients (NI), and full thickness uterine fragments,
including the myometrium, from cycling mice into hormonally
intact recipients (MI). Lesion progression was longitudinally
analyzed at 7, 21, and 42 days by in vivo imaging of luciferase
bioluminescence. At 7 days, 90% of DO and DI, 96.6% of NI, and
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TABLE 2 | Murine models of endometriosis: intraperitoneal injection method.

Strain Induction
age

D:R Induction
tissue

Donor
primed

Rec.
ovex’ed

E2 Tissue
amount
given

Menstrual
EM

Stripped
EM

Suspended
uterine
material

References

D: CAG-luc-GFP
R: WT FVB

8–12 wk 1:1 DT E2 then P4 Y/N Y/N 40 mg Y Y/N Saline Dorning et al., 2021

D: WT
R: CD206-DTR

12–20 wk 1:2 Minced UH E2 N N NM N NM PBS Ono et al., 2021

D: ICR
R: C57BL/6

8 wk 1:1 DT E2 and P4 Y Y One UH Y, w/oil N Saline Kim et al., 2020

C57BL/6 8 wk 1:2 Uterine
fragments

E2 N N One UH N N HBSS Fattori et al., 2020

BALB/c 5 wk 1:1 UH NM NM Y One 1 cm piece N N PBS Woo et al., 2020

BALB/c 6 wk 1:2 MD Uterine
fragments

E2 N N One UH N N Saline Yan et al., 2019

D: GFP C57BL/6
R: C57BL/6

8 wk 1:1 DT E2 then P4 N N 40 mg Y, w/oil Y PBS Horne et al., 2019

D: GFP C57BL/6
R: C57BL/6

8 wk 1:1 DT E2 then P4 Y N 40 mg Y, w/oil N PBS Forster et al., 2019

C57BL/6 NM 2:1 MD UH E2 N N Fifteen 1 mm
pieces

N Y PBS Yuan et al., 2018

BALB/c, C57BL/6
(GFP)

8 wk 1:2 Minced UH E2 N N One UH N Y Saline Sanchez et al.,
2017

C57BL/6, BALB/c 9–15 wk 1:1 UH NM N N 7.5–40 mg
varied

N Y Saline Dodds et al., 2017

C57BL/6, BALB/c 5 wk 2:1 Minced UH E2 N N NM N Y/N Saline Ruiz et al., 2016

D: Klf9
R: C57BL/6J, Klf9,
WT

9–10 wk NM Minced UH NM N N 40 µg N Y PBS Heard et al., 2016

BALB/c 6 wk 1:2 Minced UH NM Y Y 50 mg N N Saline Uegaki et al., 2015

MacGreen WT 8 wk 1:1 DT E2 Y Y 40 mg Y Y PBS Greaves et al.,
2014

D: GFP
R: C57BL/6

NM NM Minced UH E2 NM Y ∼35 mg N N PBS Pierzchalski et al.,
2014

Fat-1 mice, WT,
12/15-LOX-KO

6–8 wk 1:2 Minced UH E2 Y Y NM N Y PBS Tomio et al., 2013

BALB/c 6 wk 1:2 Minced UH E2 Y Y 1/2 uterus N N Saline Takai et al., 2013

D: GFP
R: C57BL/6

NM NM Minced UH E2 NM Y 35 mg N NM PBS Wieser et al., 2012

BALB/c 6 wk 1:2 Minced UH E2 Y Y 46 ± 5 mg/
mouse

N Y Saline Itoh et al., 2011

BALB/c 6–8 wk 1:2 Minced UH E2 Y Y NM N N Saline Pittaluga et al.,
2010

FVB, C57BL/6,
CSF-1, op/op

6–8 wk 1:2 UH E2 N Y 35 mg N Y PBS Jensen et al., 2010

C57BL/6 NM 1:1 Minced UH PMSG N N One uterus N N PBS Altan et al., 2010

BALB/c 8 wk 1:2 Minced UH NM Y Y One UH N Y PBS Chen et al., 2009

BALB/c 8 wk 1:2 Minced UH E2 N N Pieces <

1 mm
N N PBS Bacci et al., 2009

D: eGFP
R: C57BL/6

6–8 wk NM Minced UH N, taken in
estrous

NM N 40 mg N Y DMEM Nowak et al., 2008

BALB/c 6–8 wk 1:2 Minced UH E2 Y Y 1/2 uterus N Y PBS Yoshino et al., 2006

D: GFP
R: C57BL/6

6–8 wk 1:2 Minced UH E2 Y Y One UH N Y PBS Hirata et al., 2005

Swiss Webster 8–10 wk 1-2:1 Minced UH N N NM 1–2 × 105 cells NA NA PBS Cao et al., 2004

C57BL/6
BALB/c

6–8 wk 1:2 Minced UH E2 Y Y 15 mg N Y Saline Somigliana et al.,
1999

Ovex, ovariectomy; EM, endometrium; E2, estrogen; P4, progesterone; D, donor; R, recipient; MD, mixed donors; UH, uterine horn; DT, decidualized tissue; N, no; Y, yes;
NM, not mentioned; NA, not applicable; h, hours; d, days; wk, week; PMSG, pregnant mare serum gonadotrophin; PBS, phosphate buffered saline.
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100% of MI mice evidenced lesions. At 42 days, bioluminescent
lesions were observed in 40% DO, 50% DI, 31% NI, and 71%
MI. Overall, a progressive decline in lesion size was observed in
all model variants, but bioluminescent imaging showed some
progression in size and new lesion formation in NI and MI
mice. Lesions in DO and DI mice were mostly located on the
peritoneal wall and mesentery/fat, while lesions in NI and MI
mice were split relatively evenly between the peritoneal wall,
mesentery/fat, and other locations like the bladder and wall of
the uterus (Dorning et al., 2021).

Surgical Injection
The surgical injection murine model of endometriosis involves
the injection of uterine fragments or decidualized uterine tissue
through a surgical opening into the peritoneal cavity (Table 3).
Minced tissue is taken from the uterine horns of a donor mouse,
stripped of fat, muscle, and myometrium, and fragmented into
smaller pieces usually less than 1.5 mm (Dabrosin et al., 2002;
Burns et al., 2012; Jones et al., 2018). For decidualized tissue
injections, decidualization is induced in ovariectomized females
following the protocols discussed above in the intraperitoneal
method section (Kim et al., 2020). In all studies, the uterine
material is suspended in a solution that mimics the salinity and
pH of the peritoneal cavity to maintain viability of the uterine
tissue before injection into the peritoneal cavity; however, the
suspension solution and volume (200 – 500 µl) varies among
studies [e.g., saline (Alali et al., 2020), PBS (Burns et al., 2012;
Jones et al., 2018), Hank’s buffered saline [HBS] (Li et al., 2016),
and Basal Medium Eagle [BME] (Kim et al., 2014)]. The opening
is then closed with sutures or wound clips, and then, at times,
massaged to help spread the donor uterine material throughout
the peritoneal cavity.

In general, this model develops multiple lesion types.
Typically, a lesion will form at the injection site and may
approximate endometriosis formed in cesarean scars. Distal to
the injection site, lesions progress through different stages and
types depending on the time point in wild-type recipient mice:
(1) 24 h after disease initiation, the uterine tissue has dispersed
throughout the peritoneal cavity and is found lightly adhered at
sites of attachment observed weeks later (Burns et al., 2018). This
tissue is typically white to hemorrhagic, depending on the stage of
angiogenesis. The peritoneal fluid lavage is mildly hemorrhagic.
At this stage, the tissue histologically is disorganized lacking
glands and stroma, but is full of red blood cell (RBC) and white
blood cell (WBC) infiltrates. (2) 48 h after disease initiation,
the uterine tissue is undergoing angiogenesis at the sites of
attachment and the peritoneal fluid is hemorrhagic. The uterine
tissue injected is more hemorrhagic than at 24 h, and the
tissue is still histologically disorganized and resembles the lesions
removed at 24 h, (3) 72 h after disease initiation, blood vessels
are observable under a dissecting microscope, the peritoneal fluid
is considerably less hemorrhagic, but the lesions, histologically,
are still quite disorganized, hemorrhagic, and full of WBCs. At
72 h, the early lesions are beginning to attach more securely to
the sites of attachment and are beginning to be encapsulated.
(4) 3 weeks after disease initiation mature lesions are found
that are cystic in appearance, exhibit organized structure, have

distinct epithelial and stromal layers, and include hemosiderin
macrophage deposits (Dabrosin et al., 2002; Burns et al., 2018).
Lesions are typically light pink or tan, but hemorrhagic and
white fibrotic lesions are also found. Lesions are found attached
to the peritoneal/diaphragm wall, intestinal mesentery, gonadal
and perivesical adipose tissue, behind the stomach/spleen, in the
rectouterine cul-de-sac area, and on the uterine blood supply
(Burns et al., 2018). Also mimicking human disease, lesions
are not often found attached to the spleen, liver, or kidneys in
wild-type mice (Burns et al., 2018).

The surgical injection model is similar to the intraperitoneal
injection model in allowing for the study of the initial stages
of the disease, which include angiogenesis, defective apoptosis,
endometrial proliferation, inflammation, and chemotactic
homing response (Sanchez et al., 2017). On average, in wild-type
mice, this model produces 3–4 lesions per animal with variable
sizes and weights (Burns et al., 2012, 2018). An advantage to this
model is that lesion numbers are dependent on both recipient
and donor genotype, reflecting the potential for gene and/or
mechanistic pathway specificity in lesion development (Burns
et al., 2012, 2018; Kim et al., 2014; Li et al., 2016; Jones et al., 2018;
Peterse et al., 2018; Alali et al., 2020). Additionally, lesions are
responsive to hormones and are altered by exposure to endocrine
disrupting chemicals (Jones et al., 2018). A drawback of this
model is that lesions may be difficult to locate unless a method
of luminescence is employed. The variety of fragment sizes and
the amount of tissue injected among study groups can make
it difficult to compare experimental findings. With this model,
reflux of the injected uterine tissue during closure of the surgical
opening is possible.

Subcutaneous Placement Model
This model involves the placement of endometrial tissue
in a subcutaneous pocket created in the ventral abdomen
between the inner abdominal muscle and the peritoneal cavity
(Table 4). Murine decidualized endometrium (Ferrero et al.,
2017), murine uterine tissue (Wang et al., 2013), or human
endometrial (heterologous) tissue (Wang et al., 2014) have
been inserted into the pocket. A modified version of the
engraftment model, the lesions developed are not affected by
sutures. For this model in particular, immunocompromised
mouse strains have been used to reduce the rejection of
human tissue placed into the subcutaneous pocket. The lesions
formed are smooth and well-defined with cyst-like structures
(Wang et al., 2013) that display glands, inflammation, adhesions,
and neo-angiogenesis (Ferrero et al., 2017). An advantage to
this model is that small fragments of human endometrial
or endometriotic tissue can be positioned in the murine
system to study lesion growth and the effect of interventional
treatments. However, in placing tissue outside the peritoneal
cavity, this model poorly recapitulates the pathogenesis and
pathophysiology of human disease. Additionally, the reduction
of immunocompetence in the heterologous version of this model
may alter the hallmark inflammatory response observed in
human endometriotic lesions.
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TABLE 3 | Murine models of endometriosis: surgical injection method.

Strain Induction
age

D:R Induction
tissue

Donor
primed

Rec.
ovex’ed

E2 Tissue
amount given

Stripped
EM

Suspended
uterine material

References

C57BL/6 D: 22–24 d
R: 2–4 mo

1:1 Uterine
fragments

PMSG N N Ten 1 mm3

pieces
Y Saline Alali et al., 2020

C57BL/6J Ri NM NM DT E2 and P4 Y Y Ten biopsies Y NA Peterse et al., 2018

C57BL/6-TG (UBC-GFP),
WT

6–8 wk 1:1 UHs PMSG Y/N Y One 1.5 mm
piece

Y PBS Jones et al., 2018

D: αERKO, C57BL/6-TG
(GFP), IL6-KO
R: αERKO, C57BL/6, IL6-KO

2–6 mo 1:1 UHs PMSG Y Y 100 mg minced Y PBS Burns et al., 2018

CD-1 6–8 wk 1:2 minced UH PMSG Y Y NM Y HBSS Li et al., 2016

PR(Cre1) + Ptens(fl+),
Ptens(fl+)

8 wk Auto minced UH E2 Y Y 60 mg N Eagle’s basal
medium

Kim et al., 2014

D: αERKO, βERKO, C57BL/6
R: αERKO, βERKO, C57BL/6

NM 1:1 except
αERKO 5:1

minced UH PMSG Y Y 100 mg N PBS Burns et al., 2012

C57BL/6 FVB/n 6–8 wk 1:1 minced UH E2 Y Y One uterus Y Saline Dabrosin et al., 2002

Ovex, ovariectomy; EM, endometrium; E2, estrogen; P4, progesterone; D, donor; R, recipient; auto, autotransplantation of self-tissue; UH, uterine horn; DT, decidualized
tissue; N, no; Y, yes; NM, not mentioned; NA, not applicable; h, hours; d, days; wk, weeks; mo, month; PMSG, pregnant mare serum gonadotrophin; PBS, phosphate
buffered saline; HBSS, Hank’s buffered saline solution.

TABLE 4 | Murine models of endometriosis: subcutaneous placement method.

Strain Induction
age

D:R Induction
tissue

Donor primed Rec.
ovex’ed

E2 Tissue amount
given

Stripped
EM

References

C57BL/6 B6N-Tyr(c-BRD)/BRDCr-Crl 8 wk NM DT NM N N 3–5 mm3 pieces N Ferrero et al., 2017

D: CMV-Luc and NOD/SCID 8 wk 1:2 UHs N, in estrous N N Five 2 mm punches N Wang et al., 2013

BALB/c 4–5 wk NM Human endometrial cells NA N N 400 EECs mass NA Wang et al., 2014

D: K-rasG12V/+/Ah Cre+/+/
ROSA26R-LacZ+/+

R: C57BL/6

NM 4:1 DT in Matrigel BNF into UH Y/N Y/N One UH N Cheng et al., 2011

Ovex, ovariectomy; EM, endometrium; E2, estrogen; D, donor; R, recipient; UH, uterine horn; UHs, two uterine horns; DT, decidualized tissue; HS, human samples; N,
no; Y, yes; NM, not mentioned; NA, not applicable; wk, week; EEC, endometrial epithelial cells; BNF, beta-naphthoflavone.

Spontaneous Translocation
Spontaneous retrograde translocation of endometrium via a
surgically modified reproductive tract recently introduced a
new category of murine model of endometriosis (Table 5;
Wilson et al., 2020). Wilson et al. (2020) reported the induction
of endometriosis in a genetically modified CD-1 strain via
retrograde translocation of endometrium harboring Arid1a and
Pik3ca modifications. Loss of ARID1A expression coupled
with over-expression of oncogenic PIK3CA mutation in the
endometrium of these mice was previously demonstrated to
result in adenomyosis-like invasion of the endometrium into
the uterine myometrium (Wilson et al., 2019). In order to
evaluate the use of this genetically engineered mouse strain
in modeling endometriosis, a surgical incision was made at
the utero-tubal junction followed by salpingectomy, to allow
mutated endometrial epithelial cells access to the peritoneal
cavity. The ovaries were not removed in order to avoid an
exogenous hormone requirement for disease induction and to
allow the investigation of ovarian endometriosis phenotypes.
In over 50% of genetically modified mice undergoing the
surgical procedure, a variety of lesions were grossly observed
and histologically confirmed, including ovarian and peritoneal

phenotypes (Wilson et al., 2020). Interestingly, lesions were
not observed in three of the eight wild-type CD-1 mice that
underwent the same procedure.

This model provides an immunocompetent, hormonally
intact, semi-autologous induction of endometriosis, and
represents the most accurate recapitulation of retrograde
translocation of endometrium described to date. However, it
is unclear if endometrial decidualization similar to human
endometrium occurs in the genetically modified endometrium.
Vaginal bleeding is a side effect of this model, but it was not
mentioned if this side effect was due to the ARID1A and PIK3CA
mutations or will be the case in all animals. Additionally, the
long term patency of the utero-tubal incision is unknown and
may impact the ability of the model to allow multiple seeding
events of endometrium into the peritoneal cavity (Dodds et al.,
2017). This model is unlikely to be useful for longitudinal
studies of endometriosis due to adverse side effects after the
procedure, including vaginal bleeding, a distended abdomen,
and death around 17 weeks post-procedure (Wilson et al., 2020).
Finally, it is currently unknown to what extent the completely
penetrant genetic modifications in this mouse model reflect the
nature or dose of somatic mutation that predisposes retrograde
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TABLE 5 | Murine models of endometriosis: spontaneous translocation method.

Strain Induction
age

D:R Induction
tissue

Donor
primed

Rec.
ovex’ed

E2 Tissue amount
given

Stripped
EM

Suspended
uterine material

References

Mutated CD-1 6 wk Auto Mutated endometrial
epithelial cells

NA N N NA NA NA Wilson et al., 2020

Ovex, ovariectomy; EM, endometrium; E2, estrogen; D, donor; R, recipient; auto, autotransplantation of self-tissue; N, no; NA, not applicable; wk, week.

menstruated human endometrium to implant and grow in the
peritoneal microenvironment.

Luminescence
Luminescence allows the resolution of endometriotic lesions that
are difficult to detect macroscopically and has the potential to
offer a non-invasive evaluation of disease. Here, we describe the
variety of strategies that have been evaluated for this purpose in
murine models of endometriosis (Table 6).

Green Fluorescence
The first use of luminescence in a murine model of endometriosis
was reported by Hirata et al. (2005). A transgenic mouse
ubiquitously expressing GFP on the C57BL/6 background was
used as donor tissue. Minced uterine pieces were injected
(18-gauge needle) into the peritoneal cavity of a recipient
ovariectomized wild-type mouse receiving either no estrogen
(control) or estrogen weekly. At necropsy, lesions were easily
located using a fluorescent lighting system. The ability to detect
GFP expressing tissue allows for easier assessment in regression
studies where compounds are expected to reduce or destroy
lesions. Histological analysis to examine GFP using an anti-GFP
antibody reveals a clear difference between donor and recipient
tissue, allowing a more detailed assessment of endometrial-
mesothelial interactions in studies of lesion formation. Since
this initial report, several more targeted GFP transgenic models
have been developed.

The MacGreen model has been used to study macrophage
function in lesion development (Sasmono et al., 2003). MacGreen
mice were engineered to express enhanced GFP in macrophage
and monocyte cells stimulated by Colony Stimulating Factor-1
(CSF-1) (Chen et al., 2015). This model was employed for the
study of inflammatory pathways involved in lesion induction, but
limited to CSF-1 expressing cell types. Importantly, MacGreen
mice evidence compromised fertility of undetermined etiology.
The possibility for endometrial dysfunction as the cause of
subfertility dissuades use of this transgenic strain as the
endometrial donor in modeling endometriosis.

To study cell fusion events in lesions, Tal et al. (2019)
used β-actin-Cre mice (expressing Cre recombinase directed by
the human beta actin gene promoter) crossed with ZsGreen
mice [containing a targeted mutation of the Gt(ROSA)26Sor
locus with a loxP-STOP-loxP-ZsGreen1 cassette to prevent EGFP
transcription (Madisen et al., 2010; Tal et al., 2019)]. The
ZsGreen/LoxP mice produced offspring with high expression
of ZsGreen (Nakamura et al., 2013). When the β-actin-Cre
host received endometrium from the ZsGreen/LoxP donor, the
fused cells expressed eGFP, revealing that cell fusion occurs

in endometriotic lesions and that bone marrow derived cells
participate in these cell fusion events (Tal et al., 2019).

The Ubiquitin C-GFP (UbC-GFP) model has also been used
to study hematopoietic cells by allowing in vivo leukocyte
tracking and hematopoietic cell differentiation in a murine
model of endometriosis (Schaefer et al., 2001). Chen et al.
(2021) used UbC-GFP mice to analyze mesenchymal stem
cell differentiation and PD-1 expression after induction of
endometriosis and demonstrated that bone marrow derived cells
bind to lesions. Thus, localization of tissue or cells is critically
important to track various stages of development in models
of endometriosis.

If genetically modified mice are not available, CellTracker
Green (Thermo-Fisher) is a fluorescent dye that can be used for
short term studies. The dye passes through the cell membrane and
becomes a non-permanent fluorescent product with decreasing
fluorescent intensity per mitotic event and lasting up to 72 h
(Lilius et al., 1996). Jensen et al. (2010) used CellTracker Green
to monitor the initiation of lesion formation in the first 40 h after
induction. Uterine fragments were minced, homogenized, labeled
with CellTracker Green, and injected (18-gauge needle) into the
peritoneal cavity of recipient mice (Jensen et al., 2010). After 40 h,
mice were euthanized and lesions within the peritoneal cavity
were located using a fluorescence stereomicroscope.

Red Fluorescence
Green fluorescent protein is a useful tool to detect lesions at
necropsy (Becker et al., 2006). However, with a short emission
wavelength of 510 nm, GFP does not penetrate tissue well
(Ferrero et al., 2017), thereby limiting its utility for longitudinal
studies predicated on in vivo imaging of fluorescent lesions.
mCherry, a red fluorescent reporter, is a brighter fluorophore
with an emission spectrum of 550–650 nm (Piatkevich and
Verkhusha, 2011). Importantly, due to the higher emission
wavelength and greater photostability, mCherry has deeper tissue
penetration (Ferrero et al., 2017) allowing for more accurate
in vivo fluorescent imaging. Several studies report the use of
a mCherry expressing adenoviral vector to infect either mouse
or human tissue samples prior to implantation in donor mice
(Ferrero et al., 2017; Martinez et al., 2019; Tejada et al., 2021).
The mCherry signal was found to be strong and viable for
at least 20 days (Ferrero et al., 2017). A drawback to this
model is that the transfected fluorescent signal fades over
time, and therefore does not allow for serial in vivo detection.
A constitutively expressing mCherry mouse strain exists (Fink
et al., 2010), but requires cryorecovery. With this mouse model,
lesion location affects the ability to accurately detect and monitor
lesion size and final location. For example, lesions located near

Frontiers in Physiology | www.frontiersin.org 10 January 2022 | Volume 12 | Article 806574

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-806574 January 8, 2022 Time: 15:38 # 11

Burns et al. Mouse Models of Endometriosis

TABLE 6 | Murine models of endometriosis: lesion analysis.

Study length Luminescence
method

In vivo
imaging

Necropsy cycle
phase controlled

Control type Control
lesion #

Control lesion
size

References

7, 21, 42 d Luciferase/GFP PhotonIMAGER N Sham: saline injection
only

NA NA Dorning et al., 2021

4 wk u-GFP N N Sham: suture only NA NA Chen et al., 2021

20 d N N N Vehicle: polyethylene
glycol

3 – SP ∼18 mg;
∼0.028 cm3

Santorelli et al., 2021

4 wk N IVIS E Tx Vehicle: 0.1% DMSO 4 – SP 5 ± 1 mg; 5 mm2 Sharma et al., 2021

3 wk mCherry IVIS E Tx Vehicle: 5% glucosaline 2 – 3 SP NM Tejada et al., 2021

12–20 wk N N N Vehicle: PBS 1.4 ± 0.5 60 mg ± 0.02 Ono et al., 2021

∼17 wk GFP N NM CD-1 NM NM Wilson et al., 2020

1, 2, 3, 7, 28 d N N NM Sham: PBS injections 2 – SP NM Symons et al., 2020

15, 30, and 60 d N N Y NM 1 – SP NM Mishra et al., 2020

2 mo N N NM Vehicle: DMSO 4 – SP NM Li et al., 2020

2 wk N N E Tx Vehicle: saline NM NM Kim et al., 2020

14, 28, 42, and
56 d

N N Y Sham: HBSS IP,
Vehicle: DMSO

NM ∼4 mm Fattori et al., 2020

NM N N NM Sham: fat pad NM NM Alali et al., 2020

2 wk N Ultrasound E Tx Sham: fat pad, Vehicle:
E2

2 – SP 18 mg; 20 mm3 Chang et al., 2020

0, 7, 14, 21 d N N E Tx NM 2 – SP NM Hattori et al., 2020

6 wk N N E Tx NM NM NM Woo et al., 2020

1, 2, 4 wk N N N Sham: suture only 2 – SP NM Hayashi et al., 2020

3–4 wk N N N Vehicle: saline NM 65 mg ± 0.2 Yan et al., 2019

4 wk Cre- ZsGreen N Y WT to WT NM NM Tal et al., 2019

5 wk N Ultrasound E Tx NA 1 – SP NA Peyneau et al., 2019

15 d N N N NM NM ∼3 mm Mattos et al., 2019

4 wk mCherry Y E Tx NA NA NA Martinez et al., 2019

3 wk GFP N NM Vehicle: water PO 2.06± 0.32 NM Horne et al., 2019

4 wk GFP N E Tx Vehicle: saline NM NM Forster et al., 2019

3 wk N N E Tx Sham: suture only,
Vehicle: aspartame

1 – SP 3 mg; 3.5 mm3 Chadchan et al., 2019

7, 14, 21, 28 d GFP N E Tx WT control mice 2 – SP 10 mm2 Sekiguchi et al., 2019

7, 14, 28, 42 d N N N NM NM NM Yuan et al., 2018

1 wk N N E Tx NM ∼5 NM Peterse et al., 2018

6 wk GFP N Y/E Tx Vehicle: NM 3 ± 2 11 ± 2 mg Jones et al., 2018

24, 48, 72 h or
3 wk

N N E Tx Vehicle: corn oil 2 ∼100 mg Burns et al., 2018

2 wk GFP N N Vehicle: PBS 1.00± 0.26 1.66 ± 0.027 mm3 Sanchez et al., 2017

20 d mCherry Carestream
in vivo FX-PRO

N IHC of human lesions 1 NM Ferrero et al., 2017

3 wk N N Y Sham: saline injection NA NA Dodds et al., 2017

5 wk N N N Vehicle: PBS 1–5 10 mm2 Ruiz et al., 2016

4, 8, 12, 16, 20,
24 d

N N E Tx None 3–4 in E2
group

150–250 mm3 E2
group

Li et al., 2016

8 wk N N N NM 1.4 ± 0.3 16.9 ± 5.6 mm3 Heard et al., 2016

4 wk N N E Tx Vehicle: DMSOx2 wkly 4.5–5 ∼78 mg Uegaki et al., 2015

31 d N N Y Sham: sutures only 2 – SP NM Cohen et al., 2015

3, 7, 14 d N N Y Hormonally intact
animals

2 – SP NA Zhao et al., 2014

16 wk N N N Vehicle: DMSO in
sesame oil

NM 19.6 mm2 Naqvi et al., 2014

4 wk GFP N NM NM NM NM Machado et al., 2014

3, 4, 5 wk N N E Tx Sham: E2/no E2 NA NA Liao et al., 2014

3 wk N N Y, estrus Sham: sutures only,
Vehicle: EtOH/PBS

6 – SP 2.5 ± 0.6 mm3 Kumar et al., 2014

4 wk N N E Tx Vehicle: 30%
captisol/wk

4.50± 0.34 NM Kim et al., 2014

3 wk MacGreen GFP N E Tx NM 2.06± 0.32 NM Greaves et al., 2014

26 d N N NM Non-pregnant group 2 – SP 15.1 ± 2 mg Cohen et al., 2014

(Continued)
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TABLE 6 | (Continued)

Study
length

Luminescence
method

In vivo
imaging

Necropsy cycle
phase controlled

Control type Control
lesion #

Control lesion
size

References

4 wk Luciferase IVIS N Vehicle: saline 1 – SP 11 mg; 8 mm3 Wang et al., 2014

2–3 wk GFP N Y, estrus Vehicle: corn oil NA NA Pierzchalski et al., 2014

2 wk N N E Tx WT mice ∼5 ± 0.5 15-17 mg; 2.5 mm Tomio et al., 2013

4 wk N N E Tx Vehicle: 1% DMSO 5.8 ± 0.9 65.6 ± 14.6 mg;
50.3 ± 12 mm2

Takai et al., 2013

8 wk N MRI/exploratory
laparotomy

E Tx IgG isotype controls 5 – SP B6:
205.9± 38.86 mm3

CD1:
105.6 ± 14.2 mm3

Silveira et al., 2013

2 wk GFP N Y, estrus Vehicle: corn oil 3.14 ± 0.5 18.4 ± 4.4 mm3 Wieser et al., 2012

3 wk N N Y, estrus Vehicle: corn oil 1.8–2.1 1 mg Burns et al., 2012

2 wk GFP N E Tx Vehicle: corn oil 2 – SP 65–75 mg;
50–60 mm3

Wilkosz et al., 2011

4 wk N N N Vehicle: saline 3 – SP 25.1 ± 6.2 Ricci et al., 2011

16 wk N N N Vehicle: DMSO 2 – SP 28 ± 3 mg;
60 mm2

Kulak et al., 2011

3 wk N N E Tx Vehicle: NM NM 25.3 ± 21.4 mm2;

23.8 ± 16.9 mg
Itoh et al., 2011

3 wk N N E Tx Vehicle: oil 1 – SP ∼22 mm2 Cheng et al., 2011

NM GFP N N Sham: suture only NA NA Becker et al., 2011

3 wk N N E Tx Vehicle: water gavage 1.2 ± 0.1 NM Pittaluga et al., 2010

6 wk N N E Tx Sham: fat pads, Vehicle:
DMSO

2.6 ± 1.1 22.3 ± 9.6 mm2 Lu et al., 2010

6 or 8 wk N N N Collection of a UH at
induction

NA NA Kusakabe et al., 2010

4 wk N Ultrasound N None 2 - SP NA Körbel et al., 2010

40 h Celltracker green N E Tx WT w/PBS treatment 8.57± 0.39 NM Jensen et al., 2010

4 wk N N N Vehicle: saline 3 – SP 310 ± 80 mm3 Bilotas et al., 2010

2 wk Fluorescent dye N N Vehicle: PBS NM 65 ± 20 mg Altan et al., 2010

24, 48, 96 h N N N Sham: white adipose tissue NA NA Umezawa et al., 2009

NM N N N Sham: NM NA NA Lee et al., 2009

24 d N N E Tx Sham: NM, Vehicle: saline NM 68.89 ± 7.2 mg Chen et al., 2009

12 d N N N Vehicle: PBS NM 12 ± 1 mg Bacci et al., 2009

1–4 wk N N N Vehicle: PBS NM NM Fainaru et al., 2008

10 d eGFP N N NM NM NM Nowak et al., 2008

7 d N N N Vehicle: NM 3 NM Matsuzaki et al., 2008

4 wk GFP N E Tx Vehicle: NM 7 – SP NM Becker et al., 2008

23 d N N E Tx Sham: PBS injection,
Vehicle: NM

2.8 ± 1.2 12.6 ± 1.5 mg Yoshino et al., 2006

2 wk GFP N E Tx Vehicle: corn oil 2.2 ± 0.5 1.68 ± 1.44 mg Hirata et al., 2005

4 wk N N E Tx Vehicle: methylcellulose 7 – SP 5.8 ± 2 mm2 Efstathiou et al., 2005

4 wk N N N NM None NA Cao et al., 2004

1 and 3 wk N N E Tx Control virus in PBS NM NM Dabrosin et al., 2002

3 wk N N E Tx NM NM 2.66 ± 0.45 mg;
25.64 ± 2.87 mm2

Somigliana et al., 1999

3 wk N N E Tx Vehicle: corn oil 3 – SP 3.6 ± 0.22 mm Cummings and Metcalf,
1995

h, hour; d, day; wk, week; mo, month; N, No; Y, Yes; NM, not mentioned; NA, not applicable; PO, oral; WT, wild-type mice; SP, surgically placed; UH, uterine horn; E Tx,
exogenous treatment; GFP, green fluorescent protein; DMSO, dimethyl sulfoxide; EtOH, ethanol; IgG, immunoglobulin G; PBS, phosphate buffered saline.

the dorsal aspect of the peritoneal cavity are more difficult to
detect than lesions near the ventral abdomen (Ferrero et al.,
2017). With the intraperitoneal injection, surgical injection,
or spontaneous translocation models, lesions may be located
anywhere in the peritoneal cavity. Incomplete fluorophore
detection can lead to errors in quantification of accurate lesion
size and/or number within a recipient mouse, especially for
lesions located in the dorsal abdomen. The signal-to-noise

ratio can be optimized by using albino or nude mouse strains
(Ferrero et al., 2017).

Luciferase
An alternative to fluorescence for in vivo imaging purposes is
presented by bioluminescence-based strategies. When transgenic
mice or tissues expressing firefly luciferase under the ubiquitin
C promotor (UbC-Luc) are treated with luciferin, a detectable
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bioluminescent signal is expressed (Becker et al., 2006). In
the context of a mouse model of endometriosis, transplanting
uterine tissue from a donor UbC-Luc mouse into a wild-type
recipient mouse and injecting luciferin subcutaneously, into the
tail vein, or into the peritoneal cavity of the recipient prior
to in vivo imaging will result in bioluminescence of lesions
(Wang et al., 2013; Dorning et al., 2021). Lesion size and
weight can be correlated with signal intensity (Wang et al.,
2013; Dorning et al., 2021). Unfortunately, as with fluorescence,
coat color of the mouse strain affects the in vivo detection of
luminescence, with black coat reducing luminescence by ∼10
fold (Becker et al., 2006). This limits selection to albino, nude
mouse strains, or backcrossing to the Tyrosinase negative (Tyr)
Bl6 mice which have a white coat color. The method of luciferin
injection also affects lesion imaging. Tail vein and subcutaneous
injections allow luciferin to traverse intravascularly, but if
lesions have not undergone neoangiogenesis, such as the day
after disease induction, no fluorescent signal will be seen
(Becker et al., 2006).

Non-luminescent Methods
Ultrasound represents a non-invasive method for repeat
visualization of lesions without the requirement for luminescence
(Laschke et al., 2010). Implant viability and size of lesions a
few days after induction (Peyneau et al., 2019), and lesion
growth via weekly volume measurements (Körbel et al., 2010;
Chang et al., 2020) using high-frequency ultrasound imaging
systems have been reported. For ultrasonography, the mouse
is anesthetized and placed on a heat source. Ultrasound gel is
applied to the abdomen, and a two-dimensional view of the
implant is acquired as the probe moves across the abdomen. For
this study, only one 5 mm graft was placed, but the implant
size was calculated as volume in millimeters (Peyneau et al.,
2019). Implant viability was determined by the visualization
of cyst-like endometrial glands and vascularized endometrial
stroma at image analysis (Laschke et al., 2010). This method
is well suited to the engraftment model because the initial
size and location of the donor tissue is known compared
to the variability in lesion size and location in the injection
models of endometriosis. Additionally, respiratory movement
and intestinal peristalsis makes lesions that adhere to certain
areas, i.e., the diaphragm or intestines, indistinguishable from
other organs (Laschke et al., 2010). MRI for in vivo volumetric
measurements of endometrial implants has also been described
(Silveira et al., 2013).

Commonly Used Controls
The use of proper controls with murine models of endometriosis
not only helps to solidify findings but is also critical for
establishing a baseline for comparison and data interpretation.
Controls should be selected based on experimental design,
dosing strategies, and experimental endpoints (i.e., timing of
lesion removal).

Sham
There are two types of sham surgeries widely used in the
murine model of endometriosis. The first sham surgery performs

the procedure without introducing tissue, but places a suture
in the peritoneal cavity where tissue would have been placed
and then closes the incision (Chen et al., 2009; Lee et al.,
2009; Kumar et al., 2014; Liao et al., 2014; Cohen et al.,
2015; Chadchan et al., 2019; Chang et al., 2020; Hayashi et al.,
2020). The second sham surgery uses sutured, or injected,
fat pads into the peritoneal cavity (Umezawa et al., 2009; Lu
et al., 2010; Alali et al., 2020; Chang et al., 2020). These
designs provide readout regarding the effects of the surgical
procedure on the induction or course of endometriotic lesions
as well as the impact of the procedure on the health of
the animal.

Vehicle
Dimethyl sulfoxide (DMSO) is frequently used as a vehicle to
deliver treatment (Lu et al., 2010; Kulak et al., 2011; Takai et al.,
2013; Naqvi et al., 2014; Uegaki et al., 2015; Li et al., 2020; Sharma
et al., 2021). For long term studies, repeated doses with a lower
percentage of DMSO is preferred.

Many studies also use oil as a solvent for oral gavage, food,
and SQ administration. For example, in order to manipulate
hormone levels in ovariectomized mice, estradiol is commonly
dissolved in ethanol and mixed with corn oil for subcutaneous
injection (Wilkosz et al., 2011; Chang et al., 2020). Oil, if used
for intraperitoneal administration, can cause an inflammatory
response in mice, with severity depending on the type of oil used.
Mineral and peanut oil have the highest inflammatory response
while corn and olive oil produce less of a reaction (Alsina-
Sanchis et al., 2021). Inflammation caused by oil injections
may interfere with immune cell recruitment and the overall
immune response (Alsina-Sanchis et al., 2021). Analysis of the
immune response to endometriosis may be confounded by the
inflammatory response elicited by the presence of oil in the
peritoneal cavity (Cummings and Metcalf, 1995; Hirata et al.,
2005; Cheng et al., 2011; Kulak et al., 2011; Wilkosz et al., 2011;
Burns et al., 2012, 2018; Wieser et al., 2012; Naqvi et al., 2014;
Sharma et al., 2021).

Other vehicles used in the delivery of drugs and agents in
murine models include PBS (Bacci et al., 2009; Altan et al.,
2010; Sanchez et al., 2017; Symons et al., 2020), water (Pittaluga
et al., 2010; Horne et al., 2019), saline (Chen et al., 2009;
Bilotas et al., 2010; Ricci et al., 2011; Dodds et al., 2017; Forster
et al., 2019), polyethylene glycol (Santorelli et al., 2021), 0.1%
bovine serum albumin/PBS (Yoshino et al., 2020), ethanol/PBS
(Kumar et al., 2014), captisol (Kim et al., 2014), and IgG isotype
(Silveira et al., 2013).

Genotype
When using various gene specific mouse knockout, knockin,
or conditional strains of mice [e.g., ESR1−/− mice (Burns
et al., 2018)], a wild-type donor to wild-type recipient is
needed as a control. A wild-type to wild-type control allows
for the comparison of results from a non-genetically engineered
model to one with the desired genetic alteration. Appropriately
incorporated, a genetic control sets conditions for correct
interpretation of the role of various genes, cell types, and/or
responses to treatments.
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CRITICAL CHALLENGES IN
DEVELOPING A “BEST FIT” MOUSE
MODEL FOR ENDOMETRIOSIS

Genetic Background
The choice of strain for a murine model often requires a
decision on the importance of genetic background in modeling
endometriosis. Mice may either be inbred or outbred. Inbred
mice are genetically homogeneous and offer little variation
or heterozygosity (<1%). The inbreeding process can lead
to the fixation of allelic states, interactions, and responses
(Tuttle et al., 2018) that may bring about the development
of undesirable traits (i.e., malocclusion) or different responses
to methods or medications than a more diverse group of
mice may exhibit (Yoshiki and Moriwaki, 2006). Importantly,
though, the genetic conformity of the inbred strains allows
for donor uterine tissue to be implanted into a recipient
mouse without fear of tissue rejection or the need for anti-
rejection drugs (Tuttle et al., 2018). Outbred mice are genetically
heterozygous and better reflect a diverse population due to higher
genetic variation (The Jackson Laboratory, 2006); however, tissue
rejection is common and/or lesions are not maintained in
the mice [e.g., CD-1 endometriosis (Li et al., 2016)]. Despite
the lack of genetic diversity to reflect the human condition,
inbred mice are extremely useful in designs that seek to
leverage the standardization and extensive molecular annotation
of inbred lines.

If an inbred line is used, strain can represent an additional
caveat to consider. For example, C57BL/6 and BALB/c mice
differ in their immune response – composition, timing, and
location of cytokine release are different in relation to specific
immune cues (Dodds et al., 2017). The C57BL/6 mice are
more Th1 immune responsive while the BALB/c mice have a
more Th2 dominant response. The innate immune response of
macrophages is different between the two strains (Watanabe
et al., 2004). Dodds et al. (2017) found that BALB/c mice are
2.7 times more likely to develop cystic lesions than wild-type
C57BL/6 mice. Recent evidence implicates a Th2 dominant
pathway in the incomplete clearance of retrograde menstruum
in endometriosis pathogenesis (Liang et al., 2019), though
data implicating Th1 or Th2 dominance in endometriosis are
generally inconclusive.

Immunocompetence
Immunocompetence is a challenge when using human uterine
tissue or human endometriotic tissue in a murine model.
Immunocompromised mice may not reflect the environment
within the human peritoneal cavity, and the results of the
experiment may not accurately reflect human disease initiation.
It is also important to understand the immune response of
the mouse strain being used. Immunocompromised mice lack
different innate and adaptive immune cell populations that may
lead to differing findings depending on the cell type that is
absent or dysregulated. Choosing a strain with a standardized
and well characterized background for human tissue studies in
immunocompromised mice is advisable.

Estrogen Dependence
Estrogen dependence is a molecular hallmark of endometriosis
pathophysiology. In women, a lack of estrogen halts lesion
progression and growth and may treat some pain symptoms,
but lesions do not disappear (Dlugi et al., 1990; Taylor
et al., 2017; Vercellini et al., 2019; Poulos et al., 2021).
Early models of ovariectomized mice coupled with exogenous
estrogen administration were instrumental in highlighting the
potentiating role of estrogen in endometriosis. However, the
exogenous administration of estrogen can have off-target and
even confounding effects in murine models. Supraphysiologic
estrogen dosing can lead to systemic changes such as uterine
growth (Edwards et al., 2013), cell proliferation (Groothuis et al.,
2007), and immune system alterations that reduce NK cell activity
(Seaman and Gindhart, 1979), inhibit B cell development, reduce
T cell populations, and induce monocyte apoptosis (Lang, 2004).
Ovariectomy introduces variables of surgery, convalescence, and
ovarian hormone depletion and prevents study of endometriosis
impact on fertility. When hormonally intact mice are used,
lesions are exposed to the full complement of the hypothalamic
pituitary ovarian axis, which is more representative of the
human condition. Importantly, with this model, mice should
be euthanized in the same stage of the estrous cycle for
normalization of data. Decisions regarding sex-steroid exposure
are therefore a key consideration in model development.

Vehicle Selection
Oils are a commonly used vehicle for the delivery of therapeutic
agents in murine models. Oils frequently used as vehicles include
corn oil, olive oil, peanut oil, and mineral oil (Alsina-Sanchis
et al., 2021). The use of oil as a vehicle can confound model
read-out particularly in the case of intraperitoneal injection. In
the peritoneal cavity, the presence of oil can reduce the number
of resident macrophages and lead to higher and altered levels of
inflammation (Alsina-Sanchis et al., 2021). Injection of oil into
the peritoneal cavity may also lead to morphological changes
in the greater omentum and the intestinal mesentery (Alsina-
Sanchis et al., 2021). Oil injected into the peritoneal cavity at high
frequency (e.g., daily) may incompletely clear from the peritoneal
cavity leading to a prolonged inflammatory response (Alsina-
Sanchis et al., 2021). Given the role of an intact immune system
in endometriosis pathophysiology, the use of oil in the peritoneal
cavity may complicate data interpretation.

Reproductive Tract Considerations
Humans and mice differ in the embryologic development
and subsequent anatomy of the reproductive tract. Mouse
vaginal epithelium is thought to derive from Mullerian duct
epithelium while human vaginal epithelium may be replaced
by FOXA1 positive urogenital sinus epithelium (Cunha et al.,
2019). Mice exhibit a closed reproductive system with tightly
coiled oviducts that open into the bursal space while the
human reproductive system is open to the peritoneal cavity
(Rendi et al., 2012). This open reproductive system in humans
allows endometrial cells entry into the peritoneal cavity through
“retrograde menstruation” at each episode of menses, thereby
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providing multiple seeding events (Sampson, 1927). Usually
murine models of endometriosis feature one seeding event. To
truly mimic human disease, multiple seeding events should be
present, but multiple invasive procedures can induce increased
inflammation, surgical complication, and an altered immune
state within the peritoneal cavity (Dodds et al., 2017). Wilson
et al. (2020) innovatively approached this problem in a model
involving the spontaneous translocation of endometrial cells into
the peritoneal cavity following salpingectomy and opening of the
utero-tubal junction. While this model seems to convert a closed
reproductive tract to an open one, the mice experience severe side
effects (i.e., vaginal bleeding, distended abdomen, early death) as
a result of the endometrial genetic modifications which limits the
longitudinality of the model.

Mice experience a 4–5-day estrous cycle that begins at
∼26 days old (Ajayi and Akhigbe, 2020) and features a proestrus,
estrus, metestrus, and diestrus phase (Sato et al., 2016). In mice,
ovulation occurs in both ovaries each cycle (Sato et al., 2016).
In contrast, humans experience a menstrual cycle that begins at
puberty, lasts ∼28 days, and includes menstrual, proliferative,
and secretory phases (Ajayi and Akhigbe, 2020). These early
developmental and cycle dynamic differences present obvious
challenges in using a murine system to model human gynecologic
diseases such as endometriosis.

Lesion Subtyping
Another challenge to developing a “best fit” model is that human
lesions are not fully subtyped and characterized. This challenge
makes it difficult to develop models that recapitulate all types of
endometriotic disease. Efforts are being taken to phenotype and
subphenotype lesions (Colón-Caraballo et al., 2019); however,
we still may not know all of the different types and stages of
lesions found in human disease. A proteo-genomic database
stratified by lesion location, size, and appearance in the human
condition would clarify disease subphenotypes for modeling this
enigmatic disease.

Visualization of Lesions
While challenges exist with the penetration of fluorescent signal
through tissue and hair, and lesion placement in the cavity
(i.e., GFP and luciferase), the use of fluorophores with longer
wavelength emission spectra (i.e., TdTomato and mScarlet)
may optimize signal-to-noise ratios for longitudinal in vivo
studies designed to track lesion progression and/or regression
(Piatkevich and Verkhusha, 2011; Bindels et al., 2017).

Model Reporting
The final, and, perhaps, most important challenge for
endometriosis research is the potential for incomplete reporting
of promising models in the setting of negative experimental
results. Negative or inconclusive results are rarely published,
and this may result in groups expending time and resources
developing a murine model that another group may have
already developed but failed to publish (Malvezzi et al., 2020).
A potential solution to avoid redundancy in model development
is the establishment of a database or public forum for groups to
post negative results for consultation, critique, and input from

other groups. Increased emphasis among journals to publish
both positive and negative results will more widely promote
promising model features toward achieving a “best-fit.”

KEY POINTS FOR ESTABLISHING THE
“BEST-FIT” MURINE MODEL OF
ENDOMETRIOSIS

Spontaneous Attachment, Growth, and
Maintenance of Endometriotic Lesions
Endometriosis is histologically defined by the presence of
endometrial glands and stroma in non-uterine locations, and, in
some lesions, the presence of hemosiderin-laden macrophages
(Hsu et al., 2010). Lesions are also characterized by dense
vascularization (Sekiguchi et al., 2019) innervation, and fibrosis
(Mishra et al., 2020). The histology of the endometriotic
lesions produced by the model is important when selecting
a method of disease induction. Pelch et al. (2010) were able
to demonstrate that lesions from mice have aberrant gene
expression profiles that mirror patterns observed in human
lesions suggesting that lesions developed in mice can lead to
mechanistic understanding of endometriotic lesions in humans.
Ideally, the model recapitulates the spontaneous attachment of
endometrial cells/tissue to the mesothelium, lesion development
and growth, and host inflammatory reaction to lesions.

Human lesions are found in a variety of locations, sizes,
colors, and may be superficial or deep infiltrating endometriotic
lesions. A mouse model that recapitulates all of these disease
subtypes may not be feasible, but several murine models do
reasonably well in reflecting lesion diversity. Since the initial
amount of donor uterine tissue used correlates with subsequent
growth and angiogenesis density (Körbel et al., 2010), it is critical
to specify the tissue type, tissue amount, endometrial priming
methods, and induction method used in the model. For example,
intraperitoneal and surgical injection methods reviewed vary
widely in the amount of uterine/endometrial tissue injected.

The menstrual cycle phase of endometrium at the time
of implantation in the peritoenum is a challenging feature
to model when using a non-menstrual species such as the
mouse. Decidualization of murine endometrium can be achieved
by several approaches with oil injection into the uterus
providing more decidualized tissue than internal scratching
(Ferrero et al., 2017). Alternatively, menstrual endometrium can
be developed in donor mice through validated hormonal
programs (Greaves et al., 2014). In the baboon, endometriosis
was more efficiently induced with menstrual versus luteal
phase endometrium, as evidenced by the higher number
and larger surface area of endometriotic lesions and the
more advanced diagnosed stages of endometriosis in animals
receiving menstrual tissue (D’Hooghe et al., 1995). The use
of menstrual endometrium seems to not only approximate
human disease pathogenesis, but also enhances the efficiency of
lesion development.

A confounding effect of the induction method on the
pathogenesis and/or pathophysiology of lesions represents a key
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FIGURE 1 | Primary considerations in the development of a mouse model of endometriosis using mouse donor tissue (homologous model). Variables (blue),
challenges (burnt orange), pros (green), and cons (black) are highlighted.
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FIGURE 2 | Primary considerations in the development of a mouse model of endometriosis using human donor tissue (heterologous model). Variables (blue),
challenges (burnt orange), pros (green), and cons (black) are highlighted.

consideration in model development and use. Subtle molecular
or cellular changes in endometriotic lesions may result from
the surgical procedure required to induce disease (Dodds et al.,
2017). As an example, in the surgical engraftment model, lesions

in close proximity to sutures may evidence inflammatory cell
recruitment and angiogenesis as a result of foreign body reaction
to the sutures rather than the lesions (Wilkosz et al., 2011;
Wang et al., 2013).
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Immune Regulation and Hormones
The pathogenesis of endometriosis is believed to involve
sex-steroid hormone and immune-mediated pathways. The
peritoneal fluid milieu in women with endometriosis is
significantly different from that of unaffected women. Women
with endometriosis have increased macrophage activation,
secretion of growth and angiogenic factors, and increased
presence of reactive species, contain pro-inflammatory
conditions, and may have dysfunction of natural killer
lymphocyte activity (Cohen et al., 2015). This altered peritoneal
microenvironment is difficult to recreate in a mouse model,
but, because of the active involvement of the immune
system in disease initiation, the use of immunocompetent
strains is preferred.

Also critical for lesion growth is hormonal regulation. While
mice do not menstruate, their cyclical hormonal profile is similar
to humans and allows for the role of hormones and hormonal
regulation to be studied in lesion responses. The induction of
endometriosis does not disrupt estrous cycling (Jones et al.,
2018; Santorelli et al., 2021), but lesions, like uterine tissue, are
responsive to hormonal changes. For example, gene expression
and cell proliferation increase with estrogen (Burns et al., 2012;
Jones et al., 2018). As with human studies of endometriosis, cycle
phase is an important variable to consider in the interpretation
of molecular signatures of the endometrium or lesions in murine
models. Control for this variable can be approached by allowing
natural estrous cycling in models with intact ovaries or by
hormonally regulating cycles in models involving ovariectomy.

Localizing Lesions
Locating endometriotic lesions in mice, particularly for
longitudinal in vivo imaging designs, can present unique
challenges. A model incorporating a luminescence strategy in
donor endometrium is a key enabler in this context (Hirata et al.,
2005). In particular, the use of fluorophores with high signal-
to-noise characteristics allows small lesions, and lesions lacking
a classical appearance, to be detected. Locating lesions with
fluorescence is important to ensure capture of the full spectrum
of lesion types and locations.

CONCLUSION

Preclinical modeling using a cost-efficient and molecularly well-
annotated species is fundamental to studies of pathogenesis,
biomarker development, and preventive and therapeutic
discovery. This is particularly true for complex disease, such
as endometriosis, for which a non-surgical method of diagnosis
and surveillance to support longitudinal clinical study designs is
not currently available. The successful translation of promising
discoveries identified in a preclinical model to human use is
largely contingent on model fidelity. The selection of the mouse
system in modeling endometriosis requires careful consideration
of genetic background, hormonal cyclicity, immunocompetency,
lesion detection strategy, need for spontaneous endometrial
attachment, and possibly iterative seeding (Figures 1, 2). We
reviewed the published murine models in the context of ideal
parameters founded on well-evidenced pathophysiologic features
described in endometriosis. Collectively, these models have
provided important insights and steady advancement toward
recapitulating the molecular hallmarks of this disease. Though
gaps remain, murine models represent a powerful resource for
translational research in endometriosis.
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